Abstract: We study, in this paper, the mechanisms of generation of shock waves by a laser-induced plasma in confined geometry. Two models, analytical and numeric, have been developed to describe the laser-matter interaction. Experiments have been carried out with a neodymium glass laser at flux of 107 to 1011 GW/cm2, and pulse duration of 3 and 30 nanosecond. The plasma pressure in various configuration and its temperature have been determined. We have shown that the pressure of the shock wave applied to the target is 5 to 10 greater in confined geometry than in direct ablation. We have also studied the dielectric breakdown, which is the main limit to the confinement technique. This technique of generation of shock waves provides peak pressure up to 10 GPa and have various applications in metallurgic surface treatment and surgery.
Considerable interest has been shown for laser-matter interaction in confined geometries (reference 1, 2, 3). When we shoot onto a metallic target with focused laser beam, a thin layer of metal is heated and vaporized. Without any confinement, the gaz can expand in air or vacuum, be ionized and absorbed laser energy far from the surface (reference 4). If we confine the target with a dielectric layer, transparent to laser radiation, the laser energy is absorbed very close to the target surface. The plasma has no place to expand, so its pressure becomes 5 to 10 greater than in the direct ablation, and its life time 2 to 3 greater. But, at high flux, the dielectric layer becomes opaque and absorbs the laser energy. This dielectric breakdown gives the limit of the confinement technique.
We are interested in understanding interaction and breakdown mechanisms in order to optimize metallurgic treatment. Therefore, we have measured plasma pressure and temperature, and modeled the interaction, first analytically, then with a numeric code.
The experiments were performed with the neodymium phosphate glass laser of the LULI laboratory (Ecole Polytechnique) and LALP laboratory (Etablissement Technique Central de L'Armement) operating at 1,06 p m wavelength and pulse duration of 3 and 30 ns.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1991747
The plasma pressure has been measured with synthetic X-cut piezoelectric quartz gauges.
When a pressure is applied on the face of the gauge, a current is generated proportional to the applied pressure (reference 5), with a time resolution lower than one nanosecond. We have made pressure measurements in direct ablation, and in confined geometry with water and glass. The experimental set-up is shown in figure 1 in the case of water confinement. The gauge is 1 mm thick, and 5 mm of diameter. The faces are covered with 1 pm-thick aluminium to collect the current and the gauge is held in 50 Q coaxial structure. A screw is used to press the gauge against the electrodes and to ensure a perfect electric contact. A toric seal around the gauge makes the set-up watertight and prevents short-circuit between the figure 1 : Experimental set-up two faces of the gauge. 2 o r 3 millimeters of water of pressure measurements in confine the plasma. The laser beam is directly water confinement.
focused on the gauge.
I2 Temmratrcre measurements
We have collected the light emitted by the plasma in the range of the visible, and sent it trough interferential filters towards a rapid photodiode. The record of many shoots with different interferential filters in the same conditions of intensity, target (Aluminium), and confinement (4 mm of water), provides us the spectra of emission of the plasma between 400 n m and 700 nm. We have considered the plasma as a black body source, because of its high density, and measured the plasma black body temperature.
The analytical model is explained in reference 6. We have calculated the pressure shock wave and its duration and compared the values obtained in direct ablation and confined geometries. This model is mainly based on two hypothesis:
A plasma is formed at the interface between target and dielectric. Two shock waves are created by the plasma in the two mediums. Behind the shock wave front, the matter moves at the fluid velocity, given by the well-known relation P=Zu, where P is the pressure of the front shock, Z is the shock impedance of the material and u the fluid velocity. The displacements of the interface walls opens the interface, and induces the adiabatic cooling of the plasma.
We have considered the plasma as a perfect gaz, but with a correction and written its state equation as: a U = 312 kT, where U is the internal energy, k the Boltzmann constant , T the temperature of the plasma and a a corrective factor we can adjust.
Using these two hypothesis and the conservation of energy and movement quantity, we can calculate the maximum pressure of the plasma P (kbar):
where Z is the reduced shock impedance bf the two materials and I the flux of the laser beam (GWIcm2). We can notice that the expression does not depend on the pulse duration, and we will see that experimental results are in good agreement with this law.
II2 Numeric code
The analytical model can not give the description of the dielectric breakdown which occurs at high flux. To describe this mechanism, we have had to simulate the laser-matter interaction using an hydrodynamic Lagrangien code named FILM, developed by Jean Virmont at Ecole Polytechnique. The state equations of the material come from the SESAME tables. We have added a mechanism of absorption of laser energy. First, the laser energy is absorbed in the first cell of metal near the interface, which is larger than the skin depth. This cell is heated and when its temperature reaches TEABS, an arbitrary threshold parameter, the laser energy is absorbed in the neighboring cell towards laser. The process starts again as soon as a cell is heated until TEABS. Thus, we obtain a description of an absorption waves moving towards the laser beam. comparison with the analytical model.
The results

IIIl Pressure measurements
We have reported in figure 3 the maximum pressure measured with the quartz h c t i o n of the flux for a pulse duration of 30 ns and in the case of direct ablation, confinement with water and glass. We can see all the interest of the confinement technique which gives a pressure 10 greater than direct ablation. At high flux, we can notice a decrease of the pressure. This decrease can be due to the dielectric breakdown, or may be due to the limit of the gauge. Figure 4 shows the measured pressure in confinement by water for two different pulse durations, and a comparison with the analytical model with a value of the corrective factor a of 0,20. We can see the good agreement between the experiments and the model for a flux greater than 0,l GW/cm2 where the plasma is formed. 100 Figure 5 shows a typical record of the emission spectra of the plasma confined by water at a pulse duration of 3 ns and at a flux of 1 GWIcm2. If we consider the plasma as a black body source, the spectra follows the Planck law of emission: 2hv3 LPo(v) = c2 {exp(hv/kT)-1) So, the emission is maximum for a frequency of 10 2,82 kTh, which gives a temperature of 0,8 eV 4 5 6 8 (9260 K), and the slope of the curve at high frequencies is kTh, which gives a temperature fresuence ( 1 d 4~z ) of 0,73 eV (8500 K). This preliminary experiments shows that the approximation of a figure 5 : Spectra of emission of the black body source for the plasma seems to be plasma function of the frequency.
correct. The temperature measured by this method gives a first indication for the choice of the parameter TEABS in the numeric code. The value of TEABS controls the plasma temperature simulated by the code, but has a weak influence on the value of the pressure in the target given by the code. The usual values of TEABS give simulated temperature of 8000 to 10000 K, and a pressure in good agreement with the experirnents.We have also obtained in the code two structures of propagation of shock and temperature waves: Laser Supported Combustion and Laser Supported Detonation (reference 7). In the combustion, the shock wave in dielectric moves faster than the absorption wave which forms the plasma. This propagation structure has been observed transversely by a streak camera in the water. In the detonation, at high flux, the plasma expands very quickly, the shock wave just follows the absorption wave. This breakdown structure has not been observed. At high flux, the laser energy is absorbed in all the volume of water and formed hot luminous points. This breakdown mechanism seems to be a random process.
Experiments have shown the great interest of the confinement technique: the improvement of the pressure in the metallic target of a factor 10. This technique provides pressure in the range 5 to 10 GPa, which are very interesting for metallurgic treatment. The plasma temperature is in the range of 1 eV. The analytical model gives a good law of behavior of the pressure and the simulations are in good agreement with experiments. ANDERHOLM et al, Applied Physics Letters, vol16,3 (1970) 
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